An ab initio potential energy surface (PES) for gas-phase ammonia NH 3 has been computed using the methodology pioneered for water . Multireference configuration interaction calculations are performed at about 50 000 points using the aug-cc-pCVQZ and aug-cc-pCV5Z basis sets and basis set extrapolation. Relativistic and adiabatic surfaces are also computed. The points are fitted to a suitable analytical form, producing the most accurate ab initio PES for this molecule available. The rotation-vibration energy levels are computed using nuclear motion program TROVE in both linearised and curvilinear coordinates. Better convergence is obtained using curvilinear coordinates. Our results are used to assign the visible spectrum of 14 NH 3 recorded by Coy and Lehmann (1986) . Rotationvibration energy levels for the isotopologues NH 2 D, NHD 2 , ND 3 and 15 NH 3 are also given. An ab initio value for the dissociation energy D 0 of 14 NH 3 is also presented.
Introduction
Ammonia is a hazardous chemical, highly toxic for aquatic life, and its ever-increasing release into Earth's atmosphere has undesirable consequences [1] ; monitoring its presence in the atmosphere is therefore a particularly important scientific objective. Remote sensing of spatially resolved atmospheric concentrations of ammonia requires reliable and extensive spectroscopic datasets and their deficiencies remain a significant source of error [2] . Another important area which requires spectroscopic data is astronomy; ammonia is thought to be the key spectroscopic signature of the coldest failed stars, so-called brown dwarfs [3, 4] , and is probably also prominent in the atmospheres of exoplanetary gas giants [5] . All these applications require accurate spectroscopic data over extended frequency and temperature ranges. Such data are also required for the analysis and assignment of hot laboratory spectra [6] [7] [8] [9] .
A review of experimental spectroscopic studies on 14 NH 3 is given as part of a recent analysis [10] , which provides the most extensive set of experimentally deduced energy levels for this system available to date. Unfortunately the available experimental data could only determine 30 vibrational band origins and only about 5000 rotation-vibrational (rovibrational) energy levels, so that any dataset which aims at completeness must rely on calculations; there is therefore a strong need for improved theoretical models of ammonia.
Very accurate ab initio calculations of the low-lying energy levels of NH 3 were performed by Rajamäki et al. [11, 12] using coupled-clusted (CC) methods. It is well known, however, that CC methods experience difficulties for calculations of highly excited rovibrational energy levels. That is why the ability to calculate very accurately ab initio surfaces using multireference configuration interaction (MRCI) methods is important, as this can provide an accurate global surface which can give good results for both lowlying and highly excited vibrational energy levels. Recently two high-accuracy ab initio studies of the rotation-vibration energy levels of ammonia have been performed by Huang et al. [13] [14] [15] and by Yurchenko et al. [16] [17] [18] using high-quality, semiempirical potential energy surfaces. In particular, Yurchenko et al. computed a linelist called BYTe including energy levels up to 18 000 cm
À1
, containing over a billion transitions [17] and providing the most comprehensive spectral coverage for 14 NH 3 . The energy levels of BYTe, more accurate below 5000 cm
, already at 6000-7000 cm À1 differ from experiment by up to 5 cm
, so that this database is not always able to provide so-called spectroscopic accuracy (i.e., line positions accurate to better than 1 cm À1 ) and with the corresponding experimental value. In Section 4 we describe our nuclear motion calculations using the program TROVE [23, 24] in both linearised and curvilinear coordinates. In Section 5 the results of the rotation-vibrational energy levels of ammonia NH 3 and its isotopologues are described and a comparison of these calculations with experimental data are presented; because of the much increased effort required for ammonia we could not afford the same level of ab initio theory used for water [25] but nevertheless we were still able to compute accurate energy levels up to 18 000 cm À1 , covering all experimentally known levels. Section 6 concludes this paper.
Calculation of the ab initio PES

Electronic structure calculations
In the present study we apply an ab initio calculation scheme originally developed by us for the water molecule [25] and which was able to reproduce rovibrational energy levels of that molecule with a very high accuracy of about 0.1 cm
À1
. The same approach has recently been applied, with very good results, to the molecular ion H 2 F + [26] . Our calculation scheme comprises 11 components, is expected to lead to very accurate PESs and is applicable to small molecules made up by the atoms from the first and second periods of the periodic table (H to Ne). The various components are described in detail in Ref. [26] and we present them here only summarily: (1) a main component based on multi-reference configuration interaction (MRCI) [27] in the full-valence complete active space and the aug-cc-pCV6Z basis set [28] [29] [30] ; (2) a basis set correction based on extrapolation [31] [32] [33] using the aug-cc-pCV5Z basis sets; (3) a dense grid of geometries [26, [34] [35] [36] [37] ; (4) an electron correlation correction based on larger active spaces; (5) an adiabatic Born-Oppenheimer diagonal correction (BODC); (6) a scalar-relativistic correction [38, 39] ; (7) a higher-level relativistic correction based on the Dirac-Coulomb-Breit equation [40] [41] [42] ; (8) a quantum electrodynamic correction (QED) [43] [44] [45] ; (9) a non-adiabatic vibrational correction [25, [46] [47] [48] ; (10) a nonadiabatic rotational correction [47, 49, 50] ; (11) an off-diagonal spin-orbit correction [51] [52] [53] .
In the following we will use the abbreviations acnz to indicate the aug-cc-pCVnZ basis sets and awcnz to indicate aug-ccpwCVnZ ones [28] [29] [30] .
The MRCI energies of points (1) and (4) should include sizeextensivity corrections [27] (Davidson correction, +Q, or Pople correction) or size-extensivity-corrected MRCI-type schemes such as the Averaged Coupled Pair Functional (ACPF) [54] or the averaged quadratic coupled-cluster (AQCC) [55] methods can be used instead; however, our recommendation is to use MRCI+Q as other methods did not lead to better results in our tests with small molecules with up to five atoms. Internal contraction approximation schemes [56, 57] may be used for MRCI.
At the moment it seems that, at least for the purposes of highresolution spectroscopy of small molecules, the MRCI-type methods mentioned above provide the best possible accuracy; more advanced multi-reference coupled cluster approaches [58] have not yet been shown to produce superior results (see, e.g., table I of Ref. [59] ). Ammonia, like water and H 2 F + , is a ten-electron system but the presence of one more hydrogen atom renders it a substantially harder system from the point of view of ab initio calculations; the main reasons why this is so are: (i) the PES depends on 6 internal coordinates instead of only 3, therefore many more single-point calculations are needed to sample it. (ii) Each electronic-structure calculation is more expensive for ammonia than for water; in any given basis set the supplementary hydrogen atom increases the number of basis functions by about 30%, and as electronic-structure methods scale with the number of basis functions N at least as N 4 this modest increase in basis functions brings about a slowdown by a factor about 3 with respect to water; furthermore, in multi-reference methods such as CASSCF (complete active space self-consistent field) and MRCI [27] the size of the active space is also larger, resulting in a further significant slowdown for these methods. Finally, (iii) because of the larger dimensionality the nuclear-motion problem is much more difficult to treat; this added complexity manifests itself with a number of novel properties not present in triatomic molecules, such as the splitting of its energy levels due to the umbrella motion. This makes the spectra of ammonia hard to analyse [19, 20, 60, 61] . We could not use all 11 components of our method in the present work for a variety of reasons. First of all tetratomic molecules requires about 50 000 points, instead of about 2000 necessary for a triatomic calculation. Our computer resources did not allow us to calculate 50 000 points using an aug-cc-pCV6Z basis set, so we had to limit ourselves to the aug-cc-pwCV5Z one. In addition, we only used first-order relativistic corrections, without Breit or Gaunt terms. The QED correction, which is needed to achieve 0.1 cm À1 accuracy, was not deemed necessary for the present aim of about 1 cm À1 accuracy and was not included either. Non-adiabatic corrections were allowed for by the primitive change of nuclear masses to atomic masses. Future work aimed at achieving 0.1 cm À1 accuracy will have to consider all these corrections.
In conclusion we computed a main surface using the aug-ccpwCV5Z basis set and MRCI in the full-valence reference space, comprising 8 electrons in 7 orbitals. The MRCI calculations used the Celani-Werner internal contraction scheme [62, 57] and took about 50 GB of disk space, 3 GB of RAM and 7 h of real time per geometry running on a single processor. A second surface computed with the same method but the smaller aug-cc-pwCVQZ basis set was computed in order to perform basis-set extrapolation of the energies; each of these took about 10 GB of disk space and 45 min of run time on the same system. An electronic correlation correction surface was computed with the aug-cc-pVQZ basis set and an extended reference space including two more orbitals; these calculations took about 1.5 h per geometry. For the relativistic correction we used the expectation value of the MVD1 operator for the CASSCF wave functions in the aug-cc-pwCV5Z basis set. Overall our calculations required about 270 000 CPU-hours (%31 CPU-years).
Fit to an analytic form
In this study we used the grid of 51 816 geometries from Ref. [63] , which was designed to include all important geometries covering the energy region below 20 000 cm À1 . However, as discussed below, only 22 494 points were actually used in the final fit. To represent the ab initio data sets analytically we use a form which has already been used in a series publications to represent the PES not only of NH 3 [64] Vðn 1 ; n 2 ; n 3 ; n 4a ; n 4b ; sin
where
r e denotes the equilibrium value of r k , and
The pure inversion potential energy function in Eq. (1) . The potential parameters together with a Fortran 90 program are given as supplementary material to this paper.
During fitting we assigned to each point an energy-dependent weight given by
where E is the energy in cm
À1
. The lowest point has zero energy and hence a weight equal to unity. Some of ab initio points showed unsatisfactory accuracy, for example due to issues with convergence in our ab initio calculations. Such points could be detected in the fitting procedure by a simple test: the fitted analytic PES lies far away from inaccurate points. The accuracy of the final PES is systematically increased by excluding inaccurate points from the fitting procedure.
In this work we fitted directly the sum of basis set extrapolated energies, relativistic corrections and higher-order correlation corrections; it was found beneficial to operate in this way as fitting the components separately resulted in larger fitting errors. The adiabatic correction was fitted separately as this made calculations for multiple isotopologues more convenient.
At the end of the initial 51 816 unique geometry points we used only 23 725 for the fit, as many points had to be excluded because at least one of the calculations (awc4z, awc5z, a4z/large cas) was missing (either because of numerical convergence problems or technical issues such as running out of disk space or allotted runtime).
Calculation of the dissociation energy
In our previous theoretical calculations [70] we were able to produce a theoretical value for the dissociation energy of water, D 0 , with an estimated error of 8 cm À1 and in perfect agreement with the very accurate experimental value; in this section we compute an accurate value of the dissociation energy D 0 of ammonia, an important quantity in thermochemistry. The lowest dissociation pathway for ammonia consists in stretching to infinity one of the hydrogen atoms, and we define the dissociation energy D 0 as
where the E rvb are the total (rovibronic) ground state energies of NH 3 and of the dissociation fragments. In the Born-Oppenheimer approximation each rovibronic energy is written as a sum of an electronic energy E el evaluated at the equilibrium geometry and of a ro-vibrational energy E vib . As is customary we define the potential well depth D e by an expression analogous to Eq. (9) but involving the electronic energies of the various fragments evaluated at their equilibrium (eq) geometries:
We also define the ro-vibrational zero-point energy (ZPE) of a system as the difference between the energy of the ro-vibrational ground state and the electronic energy evaluated at the equilibrium geometry. With these definitions we have that As discussed later in this section, our calculations lead to values for D 0 and D e which are in substantial disagreement with experiment.
An ab initio value for D e for ammonia was computed using highorder coupled cluster theory and Eq. (10); because only calculations at equilibrium geometries are required the coupled cluster hierarchy is expected to converge very quickly and therefore we expect to produce a highly accurate value. We also compare the coupled cluster results with MRCI ones. Because only one NH 3 calculation is required, we could use basis sets which would be too expensive to use for the computation of the full surface. We present in Table 1 a summary of the result and describe the details of the calculation in the following.
Contribution A was computed using both for NH 3 and for NH 2 geometries with r(N-H) = 1.01 Å, \HNH = 108°. Calculations of the NH 2X 2 B 1 ground state used a restricted open-shell HartreeFock reference (RHF) and the UCCSD(T) method [75] [76] [77] . The aug-cc-pCV5Z and aug-cc-pCV6Z energies were extrapolated using the formula E n ¼ E 1 þ A=ðn þ 1=2Þ 4 ; the stated uncertainty is one half of the shift of the aug-cc-pCV6Z D e value to the basis-set extrapolated one. Contribution B. A high-order coupled cluster correction (up to pentuple excitations [78, 79] ) was computed using the geometries used for contribution A above; the correction is computed as D e (CCSDTQP) ÀD e (CCSD(T)) using the cc-pwCVDZ basis set and correlating all electrons. The reported uncertainty is the absolute value of the difference between the shifts computed in the ccpwCVDZ and the cc-pVDZ basis sets. Correlation effects beyond CCSDTQP were estimated computing full configuration interaction (FCI) values of D e in the 6-31G and the cc-pVDZ basis set (frozen core calculations); the CCSDTQP ? FCI correction amounts to only +0.1 cm À1 using these basis sets and was neglected.
Contribution C. The geometries used in the main calculations (contributions A and B) are not exactly the equilibrium geometries neither for NH 2 nor, to a smaller extent, for NH 3 , so we correct for this fact in this step. Using for NH 3 the experimental equilibrium geometry r(N-H) = 1.012 Å, \HNH = 106.7°we get using CCSD(T)/ aug-cc-pCVQZ-DK (relativistic calculation using the DouglasKroll-Hess Hamiltonian to fourth order [80] ) a contribution to D e of +22 cm
À1
. Using for NH 2 the experimental equilibrium geometry r(N-H) = 1.0254 Å, \HNH = 102.85°we get using CCSD(T)/ aug-cc-pCV5Z-DK a contribution to D e of À157 cm À1 . The total contribution is therefore +22 À 157 = À135 cm À1 . The error bar was established on the basis of comparisons with calculations in smaller basis sets. Contribution E. Scalar relativistic corrections were computed by expectation of the mass-velocity one-electron Darwin operator (MVD1) and the MRCI wave function (full valence reference space) in the aug-cc-pCV5Z basis set; the geometries described in contribution A above were used. The correction due to quantum electrodynamics was estimated by scaling on the one-electron Darwin term [45] , amounts to +2 cm À1 and was neglected. The error bar was established on the basis of comparisons with calculations in smaller basis sets and using the Douglas-Kroll-Hess Hamiltonian.
The correction due to spin-orbit to D e is zero to first order of perturbation theory and is therefore negligible (( 1 cm À1 ).
Contribution G. The adiabatic correction (also known as the Born-Oppenheimer diagonal correction) was computed using CCSD in the cc-pwCVTZ basis set (all electron calculations) and the program CFOUR [81, 82] . The geometries used are the ones described in contribution A; the error bar was set on the basis of comparisons with the Hartree-Fock value (which is +52 cm
) and of the CCSD/ cc-pVDZ (frozen core) value (which is +78 cm À1 ).
Contribution I. The zero point energy of NH 3 was obtained from the new PES produced in this work and was set to 7433(1) cm À1 ; . This rather large error bar should also compensate from the fact that the ground state of NH 2 has J ¼ 1=2 and not J ¼ 0 and because of this computing the zero point energy as 1/2 of the sum of the Table 3 Comparison of calculated (Pmax ¼ 40) and experimental energy levels of ammonia [10] in cm
. The column labelled 'obs' are experimental energy levels from Ref. [20] , the other columns are differences to calculated values. a This work based on the ab initio equilibrium geometry. b This work using shifted equilibrium geometry (see Section 4). c Computed by Marquardt et al. [22] using an empirically adjusted potential [89] .
harmonic frequencies plus anharmonicity corrections (formula 4 of Ref. [74] ) is not a fully correct procedure. As one can see from the values in Table 1 there is a strong discrepancy (by more than 7r) between our calculated value for D 0 and the experimentally-derived value from Ref. [74] . The reason for this disagreement is at the moment unknown.
We also computed values of D e using MRCI. For this method we can compute D e either by performing separate equilibrium calculations for NH 3 and for NH 2 and H as in the coupled cluster case or, alternatively, by performing a two-point calculation for NH 3 , one at equilibrium and one where one of the N-H bonds is highly stretched. As MRCI is not a size consistent method we expect in principle different results for the two strategies; however, tests in the cc-pVDZ basis set and the full valence reference space showed that the size consistency error (i.e., the difference in D e between the two way of computing it) is only about 0.01 cm À1 both for MRCI and MRCI+Q energies and therefore completely negligible. We also tested the difference between energies computed using the Werner-Knowles internal contraction scheme [56] or the newer and faster Celani-Werner one [57, 62] ; once again tests in the cc-pVDZ and the full valence reference space showed that the two schemes produce energy curves differing by less than 0.01 cm À1 along the whole stretching curve, so both contraction scheme are equivalent in practice. With respect to the best nonrelativistic coupled-cluster value (quantity D in 
Nuclear motion calculations
Rotation-vibrational energy levels were calculated using the general, variational program TROVE [23, 24] . In TROVE the rovibrational Hamiltonian is expressed in terms of internal valence coordinates as a Taylor series expansion around a non-rigid reference configuration and is represented explicitly on a grid. The expansion coefficients for the kinetic energy operator (KEO) and the PES are obtained in a numerically exact fashion using automatic differentiation techniques. [24] In the present work, the kinetic and potential energy operators were expanded up to 8-th order in terms of the N-H i (i ¼ 1; 2; 3) stretching coordinates and of the symmetry-adapted bending coordinates
where b ij is the \(H i -N-H j ) bending angle projected on the plane perpendicular to the trisector vector. We choose to work with s 4 and s 5 given in terms of b ij rather than \(H i -N-H j ) considering their relatively simple relations to the Cartesian coordinates of the atoms, which is highly desirable for the automatic procedure of constructing the KEO in TROVE. For the expansion of the potential energy we Table 4 Comparison of the observed v2 ¼ 0 high energy levels of ammonia (in cm À1 ) calculated in this work and due to Lehmann and Coy [20] ; the second, non-standard symmetry labels are due to Lehmann and Coy. employed Morse-type variables for the three stretching coordinates. The non-rigid reference configuration was defined by the umbrellamotion vibrational coordinate s on a grid of 1000 points with displacements covering potential energies up to 40 000 cm À1 above the minimum.
The general variational solution in TROVE involves several steps (basis set optimization, contraction, symmetrization) described in general elsewhere [23, 24] and in Ref. [16] for NH 3 in particular. The size of the total vibrational basis set is controlled by the polyad number P
with n i denoting the quantum numbers of the corresponding primitive basis functions, which restricts the products of the primitive functions to those for which P 6 P max . In the present calculation we employed P max ¼ 40.
The original implementation of TROVE performed calculations using rectilinear coordinates. However, during the course of this work a new version based on the use of curvilinear coordinates became available [84] . In particular, rectilinear coordinates, as illustrated by the first column of Table 2 , when used with P max ¼ 28 resulted in a large discrepancy with the highest experimentally known energy levels at about 18 000 cm À1 of about 100 cm
À1
. The use of curvilinear coordinates permitted the use of polyad numbers up to 40 and therefore allowed for much better convergence. The values of the parameters r eq and a eq were determined during the fitting of ab initio points as 1.0106 Å and 106.696°. However, we find better agreement with experiment if we shift these values slightly to 1.0116 Å and 106.719°. The calculated energy levels in Table 2 were obtained with these shifted values.
To assess the accuracy of the variational setup employed in this study we performed calculations with basis sets of different sizes. We report in Table 2 energy levels calculated with different values of the truncation parameter P max . Calculations P max ¼ 28 were carried out with the linearised coordinates, while calculations with P max > 28 used curvilinear ones. absolute value of the leading coefficient in the wave function larger than 0.5 were selected for the plot, resulting in about 1200 in number. Gradual increase of the basis set improves the accuracy by about one order of magnitude for energies below 14 000 cm À1 , while for higher energies the curves on Fig. 1 show almost the same convergence rates for all states up to 20 000 cm
. This is due to the heavy mixing of states at higher energies, so that only few of them passed the threshold for the leading coefficient and were considered in the plot, fictitiously lowering the average errors. By extrapolating the convergence pattern between 6000 and 14 000 cm À1 to higher energies it can be seen that to obtain an accuracy of 1 cm À1 for all energy levels below 20 000 cm À1 the basis set should be extended to at least P max ¼ 48. Table 3 compares the results of J ¼ 0 calculations on 14 NH 3 with the J ¼ 0 energy levels, obtained in Ref. [10] using the MARVEL procedure [85, 86] . The table substantiates our claim that we can reproduce the energy levels of NH 3 to within 1 cm À1 . Table 4 presents a comparison of our calculations with the measured energy levels of highly-excited stretching (v 2 ¼ 0) levels up to 18 000 cm À1 . These energies were obtained by Coy and Lehmann quite some time ago [19, 20] , but there are no previous attempts to reproduce these levels from first principles.
Rovibrational energy levels of NH 3 and isotopologues
Comparing these results with the ones for water computed at the same level of theory, see Table 5 , one finds that the results are very similar. Note that the calculated water levels used slightly shifted equilibrium parameters, just like the ammonia ones (see Section 4). The correctness of the calculated levels of Table 4 (and of the labelling of the experimental energy levels in Table 2 ) was also confirmed by calculations of vibrational band intensities, shown in Table 6 . In experiment usually the strongest bands are visible.
Therefore, quantum numbers of the strongest lines from Table 6 were taken, corresponding to transitions from the ground vibrational state to the energy levels with strong stretch excitation. These calculated levels (and quantum number) were substituted into Tables 2 and 4 .
Further comparison of the accuracy of the present calculations with the highly excited energy levels of NH 3 became possible during the course of this work thanks to new assignments of highly excited ammonia states close to 8000 cm À1 [87] . In particular, the band origins of 5 highly excited vibrational states of ammonia have been determined from the new analysis of experimental data [87] , see Table 11 . As it can be seen from the table, four out of the five presented highly excited band origins are reproduced by our ab initio calculations within 2 cm À1 , which is even more accurate than the semiempirical predictions of the BYTe linelist [17] . This confirms once more the accuracy of our PES and its ability to calculate highly excited vibrational states of ammonia. Predicted energy levels for isotopically substituted NH 3 were also computed. Results for NH 2 D, NHD 2 , ND 3 and 15 NH 3 are presented in Tables 7-10 respectively. All isotopologues calculations were made with P max ¼ 28 and linearised TROVE coordinates.
Conclusion
In this paper we have achieved an accuracy of about 1 cm À1 for all levels up to 7000 cm À1 given in the comprehensive compilation of experimental levels [10] and an accuracy between 2 and 10 cm À1 for levels up to 18 000 cm À1 measured by Lehmann and
Coy [20] . This ab initio PES should therefore serve as an excellent starting point for semi-empirical fits which may provide even more accurate line positions in both infrared and visible regions. We also estimate the dissociation energy of NH 3 by two independent theoretical procedures and with significantly improved accuracy compared to previous theoretical determinations; however, there is a discrepancy with experiment which requires further investigation. The paper constitutes a first step towards a global, high-accuracy ab initio PES of ammonia. Our work should also pave the way towards the to observation and analysis of the predissociation spectra of NH 3 analogous to what could have been achieved for water, only, up until now [92] [93] [94] [95] .
For the present study the availability of ab initio results for water at various level of theory (i.e., including only some of the components discussed in Section 2.1 or using smaller basis sets) including the very accurate one from Refs. [25, 92, 96] proved very useful; in particular, we confirmed that use of analogous levels of theory for water and ammonia leads to similar errors in rovibrational energy levels; we are therefore confident that very accurate results -similar in quality to the ones for water of Ref. [25] -can be obtained for ammonia as well as for other 10 electron molecules, such as methane. The computationally more onerous step for future calculations is the extension to the larger aug-ccpCV6Z basis set, although the use of explicitly-correlated methods and the cc-pV5Z-F12 basis set may provide a valid, cheaper alternative. It will also be necessary to consider relativistic corrections based on the Breit-Coulomb Hamiltonian, quantum electrodynamics corrections as well as a more extensive treatment of nonadiabatic correction such as the one used by Huang et al. [14] . It is expected that once these corrections are implemented accuracies of the order of 0.1 cm À1 should be achievable ab initio for excited rotation-vibration levels.
